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Edited by Stuart FergusonAbstract A non-magnetic mutant of Magnetospirillum magnet-
icum AMB-1 (NMA61), harboring a defective gene located in
ORF4 (gene ID: amb4111) was generated by transposon muta-
genesis. Biochemical characterization of the gene product of
ORF4 revealed that it was localized in the cytoplasm and dis-
played ATPase activity. The ability of NMA61 to take up iron
was severely compromised. Ferrous ion concentration in the med-
ium decreased more with the wild-type than with NMA61, while
the iron content in the cytoplasmic fraction of NMA61 was much
lower than the wild-type strain. This cytoplasmic ATPase is
essential for iron traﬃcking within M. magneticum AMB-1.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Magnetospirillum magneticum AMB-11. Introduction
Magnetotactic bacteria are known to produce lipid mem-
brane-enclosed magnetite crystals referred to as ‘‘magneto-
somes’’ [1]. Iron uptake is a crucial step for the acquisition
of large amounts of iron for magnetosome synthesis and has
been tightly coupled to magnetosome biomineralization [2–
4]. Iron is essential to virtually all organisms, playing a vital
role in many important biological processes. Specialized
iron-uptake mechanisms have been identiﬁed in pathogenic
bacteria, which employ several strategies to acquire the quan-
tities of iron necessary to cause infection [5,6]. In these patho-
genic microorganisms, ferrous ion is primarily transported via
the ferrous ion uptake system, Feo, and utilized as an iron
source [6,7]. Iron-uptake systems in magnetotactic bacteria
would thus be involved in such sophisticated strategies.
Our previous study showed that the presence of ferrous ion
in the culture medium was necessary for the induction of mag-
netosome production, indicating the possible existence of ro-
bust ferrous ion transport systems that are triggered under
reducing conditions where ferrous ions are stable [4]. In addi-
tion, our transcriptome study demonstrated that the ferrous
ion-uptake genes (feo, tpd, and ftr1), were greatly induced by
high iron concentrations [3]. These results implied that distinc-*Corresponding author. Fax: +81 42 385 7713.
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doi:10.1016/j.febslet.2007.06.047tive ferrous ion-uptake systems coupled to magnetosome syn-
thesis exist within Magnetospirillum magneticum AMB-1.
In our previous work, a non-magnetic mutant, NMA61, was
generated by transposon mutagenesis [8]. The transposon was
inserted in an open reading frame (ORF). Three adjacent
ORFs and a promoter were identiﬁed upstream, suggesting
that the sequences comprised an operon. The disrupted ORF
(ORF4) showed homology with argK, periplasmic binding
protein kinase gene. A phenotypic characterization of this mu-
tant strain showed that the mutation blocked the transport of
siderophore–iron complexes into the cell. Furthermore, sidero-
phore production by the mutant strain was much higher than
that of the wild-type strain, suggesting that the intracellular
iron content of the mutant strain was lower. Therefore, it
seemed likely that the gene product, which is defective in
NMA61, stimulated the transport of siderophore–iron com-
plex across the cytoplasmic membrane, acting as a kinase [8].
However, the precise role of the gene product of ORF4 re-
mained unknown.
In this paper, we investigated the role of the protein encoded
by ORF4 in iron uptake. Ferrous ion uptake was measured in
both the wild-type cell and the mutant. In addition, the local-
ization and ATPase activity of the gene product were investi-
gated. Furthermore, iron accumulation in the periplasmic
and cytoplasmic sub-cellular fractions was compared in the
wild-type and the mutant.2. Materials and methods
2.1. Strains and culture conditions
M. magneticum AMB-1 (ATCC700264) was grown microaerobically
in Magnetospirillum growth medium (MSGM) as previously described
[9]. NMA61 and the transformants generated in this study were main-
tained in MSGM with 5 lg/mL kanamycin or 5 lg/mL ampicillin,
respectively. Ferrous sulfate was used as the sole source of ferrous
ion as previously described [6,10].2.2. Analysis of the deduced amino acid sequence
The amino acid sequence of ORF4 (gene ID: amb4111) was deduced
from M. magneticum AMB-1 genomic data (GenBank Accession
Number; AB126694) [11] and analyzed for homology with other pro-
tein sequences available on common databases using the blastp pro-
gram [12]. The alignment shown in Fig. 1 was constructed using
GENETYX software (GENETYX Corp., Tokyo, Japan).2.3. DNA techniques
ORF4 was ampliﬁed by PCR with forward primer: 5 0-act agt gtg agc
att tcc ccc gat ccc aag-3 0 and reverse primer: 5 0-act agt gtg gtg gtg gtg
gtg gtg gcc ttg ccc gcg aaa ggt gcg-3 0 (bold type indicates a 6 ·His tagblished by Elsevier B.V. All rights reserved.
Fig. 1. Sequences alignment of the homologous proteins. Identical residues in the sequences are boxed. Abbreviations: M. magneticum AMB-1,
Magnetospirillum magneticum AMB-1 gene product of ORF4 (GenBank Accession Number YP423474); M. magnetotacticum MS-1, M.
magnetotacticum MS-1 homologous protein (ZP00055824); Caulobacter, Caulobacter crescentus homologous protein (AAK24454); Methylobacte-
rium, Methylobacterium extorquens strain AM1 GTPase/ATPase MeaB protein (AF416776); Desulfuromonas, Desulfuromonas acetoxidans LAO/AO
transport system ATPase (ZP01314026); Escherichia, Escherichia coli W3110 ArgK protein (NP417393); Homo sapiens, Homo sapiens MMAA
protein (AAI01182).
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AMB-1 genomic DNA as a template. The PCR product was cloned
into the pGEM T-easy vector (Promega) and subsequently into the
pUMP16 vector [13,14] to construct the pUMP-ORF4-expression plas-
mid. The pUMP-ORF4-expression plasmid was introduced into M.
magneticum AMB-1 by electroporation. C-terminal His-tagged pro-
tein, derived from M. magneticum AMB-1 transformants harboring
the pUMP-ORF4-expression plasmid, was used for localization analy-
sis and ATPase assay. All plasmids and strains are listed in supplemen-
tary Table S1.
2.4. Localization analysis by SDS–PAGE and Western blot
Sub-cellular localization analysis of the gene product of ORF4 was
conducted in each cellular fraction of the AMB-1 transformants har-
boring pUMP-ORF4 or pUMP16 (vector control), and in the wild-
type strain (negative control). The cells were cultured microaerobically
and cell fractionation was performed by the EDTA-lysozyme method
as previously described [15] with the following modiﬁcations. Har-
vested cells were washed three times with TMK buﬀer (20 mM Tris,
10 mM (CH3COO)2Mg, 100 mM KCl, 20 mM sodium azide, 10 mM
2-mercaptoethanol, pH 7.4). Collected cells were resuspended in
1 mg/mL lysozyme in TMK buﬀer and incubated at 35 C for
30 min to digest peptidoglycan. The suspension was then separated
into supernatant and protoplast. The supernatant was further ultra-
centrifuged to obtain the periplasmic fraction. Protoplasts (precipi-
tate) were resuspended in TKE buﬀer (20 mM Tris, 100 mM KCl,
10 mM EDTA, 20 mM sodium azide, 10 mM 2-mercaptoethanol,
pH 7.4) and disrupted under osmotic pressure. Ultracentrifugation
yielded a cytoplasmic fraction (supernatant) and a precipitate (includ-
ing magnetosomes) as an insoluble fraction. Puriﬁcation of the His-
tagged fusion protein in each fraction was conducted using 50% Ni–
NTA slurry (Qiagen, GmbH, Germany) according to the standardprotocol supplied by Qiagen. To remove imidazole, the His-tagged
protein was further puriﬁed by retention through a 10-kDa nominal
molecular size limit Ultrafree column (Millipore). The localization
of the His-tagged fusion protein was conﬁrmed by SDS–PAGE and
Western blot analysis for each cellular fraction as described [16].
Thirty microliters of eluate from each fraction was loaded on the
gel.2.5. ATP hydrolysis assay
The ATPase assay was conducted using eluate from each fraction
of the M. magneticum AMB-1 transformants, as described below.
Reaction mixtures of 250 lL were prepared containing 50 lL of
eluted protein sample in 50 mM Tris–HCl (pH 7.5), 200 mM NaCl,
10 mM MgCl2, 20% (v/v) glycerol, 0.1 mM EDTA, and 2 mM
dithiothreitol. The reaction was initiated by adding ATP (0.05–
1 mM) and terminated after 20 min by addition of 1% (w/v) lithium
dodecyl sulfate. The amount of free inorganic phosphate released
from ATP in the reaction mixture was determined by the molybdenum
blue method [17]. All determinations were done with triplicate
cultures.2.6. Measurements of intracellular iron in wild-type and non-magnetic
mutant NMA61
To determine intracellular iron content, pre-cultured cells were
transferred into 50 mL MSGM containing 40 lM ferrous sulfate.
1 · 109 cells were collected and kept on ice until cell fractionation. Cell
fractionation was conducted as described above. Iron content of each
fraction from the wild-type strain and NMA61 mutant strain were
determined by atomic absorption spectrophotometry (Shimadzu, Ja-
pan). All measurements were conducted with triplicate cultures using
acid-washed conical glass ﬂasks.
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3.1. Analysis of the sequence alignment of the deduced amino
acids of several homologous proteins, including M.
magneticum AMB-1 gene product of ORF4
The deduced amino acid sequence of ORF4 in M. magneti-
cum AMB-1 was aligned with the amino acid sequences of sev-
eral members of the homologous protein family discovered in
the GenBank database. From a blastp search, six sequences
that showed the highest homologies were aligned for compar-
ison (Fig. 1). The amino acid sequences included two short se-
quence motifs that constituted a well-deﬁned nucleotide-
binding fold (Walker sequences A (61GVPGAGKST69) and
B(87VLAVD91)) [18] present in the ATP-binding subunits of
many ATPases.PO
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Fig. 2. Localization analysis of the gene product of ORF4 (indicated
by the arrow) in M. magneticum AMB-1 by (A) SDS–PAGE and (B)
Western blot analysis of ‘‘I’’ insoluble, ‘‘P’’ periplasmic, and ‘‘C’’
cytoplasmic fractions from Magnetospirillum magneticum AMB-1
harboring pUMP-ORF4 and the wild-type strain. (C) The amount
of inorganic phosphate by ATP hydrolysis with ‘‘P’’ periplasmic and
‘‘C’’ cytoplasmic fractions from Magnetospirillum magneticum AMB-1
harboring pUMP-ORF4 or pUMP16. Fifty microliters of eluted
His-tagged protein from AMB-1 wild-type and transformants
harboring pUMP-ORF4 or pUMP16 were used for assay. For positive
and negative controls, 50 lg of puriﬁed protein from E. coli harbor-
ing pBAD-ORF4 and the no protein sample were used, respectively.3.2. Localization of the gene product of ORF4 in M.
magneticum AMB-1
To conﬁrm the location of the gene product of ORF4, sub-
cellular fractions from M. magneticum AMB-1 transformants
harboring the pUMP-ORF4-expression plasmid were pre-
pared. SDS–PAGE and Western blot analysis showed that
the gene product of ORF4, expressed as His-tagged fusion pro-
tein, was detected in the cytoplasmic fraction, but was not de-
tected in either the periplasmic or the insoluble fraction
(Fig. 2A, B). The puriﬁed protein from the cytoplasmic frac-
tion also showed ATPase activity (Fig. 2C) in that it degraded
approximately 64% of the 0.24 lmol ATP within the 20-min
reaction. In the other fractions, the wild-type cell, and the
transformant harboring the pUMP16 plasmid, ATP hydrolysis
was the same as in the buﬀer control. Because the puriﬁcation
obtained a single His-tagged ORF4 protein, the reaction
does not contain a substrate for the kinase or any native ATP-
ase or phosphatase. These results suggest that the gene prod-
uct of ORF4 puriﬁed from the cytoplasmic fraction is an
ATPase.
ArgK, a homologous protein to the gene product of ORF4,
has been characterized in E. coli [19]. In a previous paper, we
hypothesized that the ORF4 protein acts like ArgK, a periplas-
mic binding protein (PBP) kinase concerned with iron–sidero-
phore transport [8]. However, a recent report has shown that,
although the ATPase activity of Argk is an obligatory require-
ment for the PBP-dependent transport system, phosphoryla-
tion of PBP is not related to the function of the transporter
[19]. Therefore, now we suggest that the ORF4 protein acts
as an ATPase, providing energy for the transport system.3.3. Eﬀect of the ORF4 on ferrous ion uptake
To investigate the eﬀect of the ATPase on biological activity,
AMB-1 wild-type and NMA61 were cultured in MSGM with
ferrous sulfate as the sole iron source. Ferrous ion uptake inwild-type was about 2.3-fold higher than in NMA61, within
60 min (Fig. 3). When a ferric/ferrous mixture was used as
the iron source, the iron-uptake pattern for a long-term period
(24 h) was similar between wild-type and NMA61; however,
siderophore production was induced only in NMA61 [8]. Pos-
sibly, iron ions taken up from the medium could not be trans-
ported into the cytoplasm and iron starvation triggered
siderophore induction. Thus, intracellular iron concentration
was also measured in both the wild-type and the NMA61 mu-
tant strains from triplicate cultures. Fig. 4 shows the time
course of soluble iron concentration in both the cytoplasm
and the periplasm. Higher internal iron concentration was al-
ways observed after immediate inoculation, even when the cells
were pre-cultured in the iron-depleted medium. Therefore, M.
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Fig. 3. Time course of the ferrous ion concentration in growth media
(MSGM) with initial iron concentrations at 40 lM of ferrous sulfate.
Symbols: (r) Magnetospirillum magneticum AMB-1 wild-type and (d)
NMA61 mutant strain. Time = 0 means at the point of ferrous ion
addition. The ﬁrst point was sampled at 10 s. Data are mean values of
triplicate measurement.
3446 T. Suzuki et al. / FEBS Letters 581 (2007) 3443–3448magneticum AMB-1 is believed to possess the ability to accu-
mulate iron within a few seconds. The cytoplasmic iron con-
centration of the wild-type (Fig. 4A) increased depending on
the iron concentration of the medium, while the NMA61 strain
showed no change in iron concentration at all (Fig. 4B). The
drop in the internal iron concentration in the ﬁrst 10 min sug-
gests conversion to magnetosomes. In the case of the periplas-
mic iron concentrations of both the wild-type (Fig. 4C) and
NMA61 (Fig. 4D) strains, no signiﬁcant changes were ob-
served within 1 h. The mutation in the NMA61 mutant strain0
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Fig. 4. Measurement of intracellular iron concentrations. Time course of the
and (B, D) NMA61 strains, respectively. Wild-type and NMA61 were grown
(j) 80, and (s) 100 lM initial iron concentrations.rendered the cells incapable of transporting iron from the per-
iplasm to the cytoplasm comparably to the wild-type strain.4. Discussion
In ATP-driven iron-transport systems, the ATPase gene is
often located in a genomic region unrelated to the iron-trans-
port operons that it controls. For example, the FhuC ATPase
of Staphylococcus aureus is required for the activation of not
only the transport system in which it is encoded but also for
the SirABC iron–siderophore transporter, encoded elsewhere
in the genome [20]. In the present study, iron traﬃcking
through the cytoplasmic membrane of M. magneticum was
dependent on the presence of the gene product of ORF4, a
cytoplasmic ATPase. Although the target of the ORF4 gene
product is unknown, there is evidence that it promotes iron
transport through the cytoplasmic membrane by energizing
ATP-driven iron-uptake transporters, such as Feo system,
which are stimulated in high iron concentrations [3].
In a previous report, it was shown that the ferric–sidero-
phore transport system is not active in NMA61 [8]. The data
obtained in this study indicates a crucial role for the gene prod-
uct of ORF4 in iron transport within the magnetotactic bacte-
rium M. magneticum AMB-1. Measurement of sub-cellular
iron content of both the wild-type and NMA61 mutant
showed that the ferrous ion-uptake activity of NMA61 was
lower than the wild-type when ferrous sulfate in the medium
was the sole iron source.Time (min)
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in MSGMmedium with diﬀerent iron concentrations at (d) 0.1, (m) 40,
Fe2+ uptake
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Fig. 5. Predicted schematic representation of the ferrous ion uptake
system during magnetosome synthesis within the Magnetospirillum
magneticum AMB-1. The presence of the cytoplasmic ATPase coded
by ORF4, accelerates the uptake of ferrous ions through the cell
membrane into the cytoplasm by energizing cell membrane ferrous ion
transporters. The transported ferrous ion then further promotes the
synthesis of magnetosomes within the cell. OM, outer membrane; PP,
periplasm; CM, cytoplasmic membrane; CP, cytoplasm.
T. Suzuki et al. / FEBS Letters 581 (2007) 3443–3448 3447Here, we speculate that the presence of the cytoplasmic ATP-
ase coded by ORF4 accelerates the uptake of ferrous ions
through the cell membrane into the cytoplasm by energizing cell
membrane ferrous ion transporters, which in turn promote the
synthesis of magnetosomes within the cell. Fig. 5 shows the pre-
dicted schematic representation of the ferrous ion uptake system
during magnetosome synthesis within the AMB-1 strain.
Proteins homologous to the gene product of ORF4 have
been found within both prokaryotic and eukaryotic genomes.
Recently, the gene family methylmalonic acidemia, linked to
the cblA complementation group (MMAA) gene in humans,
was reported to be essential for vitamin B12 transport into
mitochondria [21]. However, little is known about the proteins
included in this family. This study is the ﬁrst to report the
involvement of the cytoplasmic ATPase coded by the ORF4
gene in ferrous ion transport across the cellular membrane
and provides important implications for the novelty of iron
metabolism in M. magneticum AMB-1.
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